We investigate CP-violating interactions involving the Higgs boson and gluons within an effective field theory approach, focusing on the specific class of new-physics scenarios where the Yukawa couplings of light quarks are zero or strongly suppressed compared to the standard-model expectations. We compute the contributions of the most relevant higher-dimensional operators of Weinberg type to the electric dipole moment of the neutron (nEDM), which are induced by Feynman diagrams that involve an effective CP-violating Higgs-gluon coupling and top-quark loops. The resulting nEDM sensitivities and prospects are discussed and compared to the existing and expected LHC bounds. We find that future nEDM searches can set non-trivial constraints on CPviolating Higgs-gluon interactions even if the Higgs only couples to the third generation of quarks.
Motivation
It is known since more than a decade [1, 2] that measurements of the kinematic properties of the Higgs boson and the associated jet spectra provide experimental probes of the CP structure of the couplings between the Higgs and gauge bosons. In the context of the standard model effective field theory (SMEFT) [3, 4] one CP-violating dimension-six operator, that has been constrained using LHC data [5] [6] [7] [8] , is L φG = −g 2 s φ † φG a µν G a µν C φG .
(1.1)
Here g s denotes the strong coupling constant, φ is the standard model (SM) Higgs doublet, G a µν is the QCD field strength tensor andG a µν = 1/2 µνρλ G a ρλ with 0123 = +1 is its dual. Since searches for electric dipole moments (EDMs) are also known to place stringent constraints on any new-physics scenario with additional sources of CP violation (see [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] for reviews and recent discussions) the low-energy constraints on effective operators of the form (1.1) have also been considered [23] [24] [25] [26] [27] [28] [29] . In fact, the recent article [29] performed a comprehensive study of the relative strengths and complementarity of collider and low-energy measurements in probing CP-violation in Higgs-gauge boson interactions. Employing a SMEFT description and working in the context of so-called universal theories [30] [31] [32] , i.e. theories in which mainly the couplings between the standard model (SM) Higgs and gauge bosons are modified by new dynamics, it was found in the latter work that in a single-operator analysis the existing EDM limits leave very little room for observing CP violation in the Higgs sector at the LHC. Including all relevant dimensionsix CP-violating operators, it was furthermore established that the EDM searches enforce strong correlations among Higgs-gauge boson couplings, which barring intricate cancellations lead again to stringent bounds on the individual Wilson coefficients. Similar conclusions where drawn in [28] where only the limits arising from the electron EDM (eEDM) have been studied.
In this article we would like to point out a simple way of how-to relax the constraints obtained in [28, 29] . In contrast to the latter articles, we will not assume that the new-physics modifications are confined to the Higgs-gauge boson sector, but also allow for effects in the Yukawa sector. Specifically, we will consider the following dimension-six SMEFT terms
where we have employed the shorthand notationφ i = i j φ j * with i j totally anti-symmetric and 12 = +1. The Yukawa couplings Y d and Y u are matrices in flavour space and a sum over flavours indices is implicit in (1.2) . Finally, Q L denote left-handed quark doublets, while d R and u R are right-handed fermion singlets of down-quark and up-quark type, respectively. After electroweak symmetry breaking (EWSB) the dimension-six operators in (1.2) modify the couplings of the Higgs boson to quarks. Assuming that new-physics is minimally flavour violating [33] and that the Wilson coefficients C φu and C φd are real, 1 each SM quark Yukawa coupling gets rescaled by an independent factor κ q 1 + v 2 C φq , (1.3) where q = t, b, c, s, d, u and v 246 GeV denotes the electroweak (EW) vacuum expectation value. The coupling modifiers κ q or equivalently the Wilson coefficients C φq can be constrained by LHC Higgs physics. In the case of the top and bottom quark, our knowledge of Yukawa interactions has undergone a revolution in the last year, since the ATLAS and CMS collaborations have independently observed pp → tth production [34, 35] and the h → bb decay [36, 37] . Combining direct and indirect information on the Higgs properties into a global fit ATLAS [38] finds the following 68% confidence level (CL) limits 2 κ t = 1.02 +0.11 −0.10 , κ b = 1.06 +0.19 −0.18 .
(1.4)
The quoted results are in full agreement with the bounds obtained by CMS [39] , and yield clear and model-independent evidence for the existence of non-zero top-quark and bottom-quark Yukawa couplings in nature. Despite significant experimental and theoretical effort only very weak (no relevant) bounds exist at present in the case of the second-generation (first-generation) quarks. Whether the Higgs mechanism is responsible for the generation of the masses of the charm, strange, down and up quark is thus an open question, and new-physics scenarios (see e.g. [61] ) that predict a significant reduction of the couplings of the observed Higgs boson to the first two generation of quarks, i.e. κ c,s,d,u 0, are from the phenomenological point of view a viable option.
A question that one therefore may want to ask is how sensitively the LHC limits [5] [6] [7] [8] and the EDM constraints [28, 29] depend on the assumption that the observed Higgs boson has couplings to the light fermions. In the case of the operator (1.1) this question can be answered immediately by looking at the Feynman diagrams depicted in Figure 1 . The two tree-level diagrams on the left-hand side give a correction to Higgs plus two jet production pp → h + 2 j, while the one-loop graph shown on the right induces chromoelectric dipole moments (CEDMs) for light quarks, which in turn generate non-zero contributions to the neutron EDM (nEDM) and all other hadronic EDMs. Since the diagrams that lead to the LHC signal do not involve a vertex where the Higgs couples to a light quark, the constraints on C φG that can be obtained from kinematic properties of pp → h + 2 j are obviously independent of the size of the κ q parameters. The amplitude of the chromoelectric dipole transition q → qg instead depends linearly on κ q , and hence tends to zero in the limit of vanishing light-quark Yukawa couplings. In consequence, if the down-quark and up-quark Yukawa couplings are identical to zero, no bound on the Wilson coefficient C φG can be obtained from hadronic EDM searches at the one-loop level. The same statement can be shown to hold for the Wilson coefficients of the dimension-six operators which encode the CP-violating couplings between the Higgs and EW gauge bosons and contribute to the eEDM. Since in [28, 29] it is assumed that the Yukawa couplings of light fermions are exactly SM-like, it follows that the limits derived in these papers do not directly apply in the case that the light-fermion Yukawa couplings vanish exactly or are strongly suppressed.
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Motivated by the above observation, we compute in Section 2 of this article the leading contributions to the nEDM that involve an insertion of (1.1) and that survive in the limit of vanishing lightquark Yukawa couplings. An extension of our calculation to the case of the full set of dimension-six operators that encode the CP-violating interactions between the Higgs and EW gauge bosons will be presented elsewhere [62] . Based on our results, we then derive in Section 3 the bounds on the Wilson coefficient of the CP-violating dimension-six operator (1.1) from current and future nEDM searches, comparing our findings to the existing LHC limits and their projections.
Calculation
Before describing the basic steps of our calculation, we mention that after EWSB the operator (1.1) shifts the QCD θ term L θ = g 2 s /(32π 2 ) θG a µν G a µν by a finite amount, i.e. θ → θ−16π 2 v 2 C φG . Since based on the current experimental nEDM results [63, 64] one has |θ| 10 −10 , we will assume that the total θ term vanishes dynamically due to a Peccei-Quinn mechanism [65] . Under this assumption there is no direct bound on (1.1), and the Wilson coefficient C φG can be treated as a free parameter in the SMEFT as done in the analyses [5] [6] [7] [8] 29] .
As explained at the end of Section 1, the goal of this work is it to calculate the numerically most relevant contributions to the nEDM that are proportional to the Wilson coefficient C φG and that involve the Yukawa couplings of the third-generation quarks. It turns out that at the matching scale the relevant loop graphs give rise to the following two CP-violating higher-dimensional operators of Weinberg type [66] [67] [68] [69] 
where f abc are the fully anti-symmetric structure constants of SU (3) colour. Since the bottomquark contributions can be shown to be suppressed relative to the top-quark effects by a factor of
5%, we neglect corrections that are proportional to the bottom-quark Yukawa coupling in what follows. The top-quark effects are all linearly dependent on the coupling modifier κ t . In view of the observed SM-like nature (1.4) of the top-quark Yukawa coupling, we will simply employ κ t = 1 in our calculations. Allowing for O(10%) variations of κ t would, however, not qualitatively change the results of our numerical analysis performed in Section 3.
Dimension-six contribution
The leading-order (LO) matching correction to the Wilson coefficient C 3G proportional to C φG arises from two-loop Feynman diagrams like the ones displayed on the left-hand side in Figure 2 . Employing a hard mass procedure (see [70] for a review) to obtain systematic expansions of the relevant two-loop diagrams in powers of the external momenta and the ratio x = m 2 t /m 2 h with m t 163 GeV and m h 125 GeV the top-quark and Higgs-boson mass, we find the following analytic result
2)
where α s = g 2 s /(4π). The expression given above corresponds to the MS scheme with the renormalisation scale set to µ = m h . 3 The actual calculation was performed in a R ξ background field gauge for the gluon [72, 73] keeping an arbitrary gauge parameter. The Levi-Civita tensor µνρλ was treated as an external four-dimensional object. Our computations made use of the in-house codes that were developed in the context of [74, 75] , except for the tensor reduction of two-point and three-point one-loop integrals which relied on Package-X [76] . We add that we have calculated higher-order terms in the 1/x expansion of C 3G (m h ) and found that these corrections shift the numerical value of the matching correction (2.2) by less than a permille. 4 Such an accuracy is more than sufficient for our purpose.
The renormalisation group (RG) flow from the EW to the hadronic scale µ H = 1 GeV does not only change the value of the Wilson coefficient C 3G , but also induces non-zero contributions for the EDMs d q and the CEDMsd q of the down and up quarks
3) 3 The sum of the bare two-loop Feynman diagrams that contributes to (2.2) is not ultraviolet (UV) finite. The remaining UV pole is cancelled by taking into account the one-loop mixing of the operator φ † φ G a µνG a µν intō Q L σ µν t a u Rφ G a µν + h.c. with t a denoting the generator of SU(3) colour. We have calculated the relevant one-loop mixing finding agreement with the result given in [71] . 4 The analytic expressions for the O(1/x 2 ) and O(1/x 3 ) terms can be found in the L A T E X source code of this article. with q = d, u and σ µν = i/2 (γ µ γ ν − γ µ γ ν ). In the basis C 6 = d q ,d q , C 3G T , the one-loop anomalous dimension (AD) matrix takes the following form [77] [78] [79] (2.5)
Here e denotes the electron charge magnitude, Q q is the fractional electric charge of the relevant quark and m q (µ H ) is its MS mass at the hadronic scale. The numerical factors in (2.5) correspond to the values α s (m h ) 0.11, α s (m b ) 0.21, α s (m c ) 0.32 and α s (µ H ) 0.36 of the QCD coupling constant. Notice that the Wilson coefficient C 3G of the dimension-six Weinberg operator gets strongly suppressed by one-loop RG running in QCD. 5 The hadronic matrix elements of the dimension-six operators corresponding to the Wilson coefficients d q ,d q and C 3G in (2.5) are known with varying levels of theoretical uncertainties. The EDM contributions from down and up quarks have been calculated with an accuracy of 5% using lattice QCD (LQCD) [84] [85] [86] , while QCD sum-rule calculations [9, [87] [88] [89] allow to determine the contributions from the down-quark and up-quark CEDMs with uncertainties of 50%. 5 The two-loop and three-loop N F -independent contributions to the AD of the dimension-six Weinberg operator have been calculated very recently [80] . Due to cancellations between the next-to-leading-logarithmic and the next-to-next-toleading-logarithmic QCD corrections, the total three-loop result is numerically close to the one-loop result for C 3G (µ H ) reported in (2.5) . In view of this and given the sizeable uncertainties of the hadronic matrix element of the dimension-six Weinberg operator cf. (2.6) using only the LL RG evolution is in our opinion fully justified. In the same spirit, the two-loop and three-loop mixing of the quark EDMs and CEDMs [79, [81] [82] [83] is also neglected in (2.5).
At present only estimates of the hadronic matrix element of the dimension-six Weinberg operator exist that rely on either QCD sum rules [90, 91] , the vacuum insertion approximation [92] or naive dimensional analysis [66] . Since only the QCD sum-rules calculations allow for a systematic analysis of theoretical uncertainties, we will in the following rely on them. Adopting our very recent QCD sum-rule estimate [91] , which is plagued by an uncertainty of 50%, and employing m d (µ H ) = 5.4 · 10 −3 GeV and m u (µ H ) = 2.5 · 10 −3 GeV [93], we obtain d n 3G e = 1.0 1 ± 0.05 + 8.8 1 ± 0.5 − 66.6 1 ± 0.5 C 3G (m h ) · 10 −4 GeV ,
where the first, second and third term corresponds to the d q ,d q and C 3G contribution in (2.5), respectively. We emphasise that in the case that new physics enters only through the matching correction C 3G (m h ) the relative signs in (2.6) are all fixed, meaning that the contribution from the dimension-six Weinberg operator necessarily interferes destructively with both the EDM and CEDM contribution.
Dimension-eight contribution
At LO the matching correction to the Wilson coefficient C 4G,1 proportional to C φG arise from oneloop graphs of the type shown on the right in Figure 2 . A straightforward calculation gives
at the matching scale µ = m h . Higher-order terms in the 1/x expansion change the matching correction C 4G,1 (m h ) by less than a permille, and we have therefore not included them in (2.7). 6 At the dimension-eight level there are three independent CP-violating operators that can be built from QCD field strength tensors (see [67] [68] [69] for details). While only the operator appearing in (2.1) receives a one-loop matching correction proportional to C φG all three dimension-eight operators mix under QCD. We write the two additional CP-violating four-gluon operators as In the basis C 8 = C 4G,1 , C 4G,2 , C 4G,3 T the one-loop AD matrix then reads [67] [68] [69] Working in the five, four and three flavour theory and using the values of the QCD coupling constant given earlier leads to the LL approximations C 4G,1 (µ H ) 6.6 C 4G,1 (m h ) , C 4G,2 (µ H ) −1.9 C 4G,1 (m h ) , C 4G,3 (µ H ) 3.9 C 4G,1 (m h ) .
(2.10) 6 The results for the O(1/x 3 ) and O(1/x 4 ) terms of (2.7) can be found in the L A T E X source code of this paper.
Notice that in contrast to (2.5) the Wilson coefficient C 4G,1 of the dimension-eight Weinberg operator that is generated at the matching scale gets enhanced by RG running. Estimates of the hadronic matrix elements of the dimension-eight CP-violating four-gluon operators have very recently been obtained in the context of QCD sum rules [91] . Employing these results we find d n 4G e = −6.1 1 ± 0.8 C 4G,1 (m h ) · 10 −1 GeV 3 , (2.11)
which has a theoretical uncertainty of 80%. We add that the sign in (d n ) 4G /e is predicted in the QCD sum-rule approach and that neglecting all contributions from the two additional dimension-eight operators (2.8) would lead to a numerical result that deviates from (2.11) by less than 5%.
Discussion
To discuss the constraints that nEDM measurements can set on the CP-violating dimension-six Higgs-gluon interactions appearing in (2.1), we introduce the dimensionless Wilson coefficient where the contributions associated to the terms d q ,d q , C 3G and the dimension-eight Weinberg operators have been kept distinct. In view of the sizeable hadronic uncertainties of the matrix elements of the operators of CEDM and Weinberg type and the relative overall sign of the Weinberg-type contributions, we combine the errors in (3.2) in such a way that our prediction d n e = 1.3 C φG (m h ) · 10 −24 cm (3.3)
provides a lower absolute limit on the actual size of theC φG corrections to d n . Because our error treatment assumes a cancellation between the numerically dominant contributions associated to C 3G ,d q and the dimension-eight terms, it is conservative. Notice that if such a cancellation is not at work in practice, predictions for d n /e can be obtained that are larger by a factor of about 5 than the upper limit (3.3) but still consistent within the individual uncertainties quoted in (3.2). The current experimental nEDM results [63, 64] on the dimensionless Wilson coefficient (3.1) that has been obtained in [8] from an analysis of the azimuthal angle difference ∆φ j j between the two jets in h + 2 j LHC events. In order to obtain an idea of the prospects of the low-energy constraints, we assume that a lower bound of d n e < 1.0 · 10 −27 cm (3.7)
can be set at the proposed PSI and LANL nEDM experiments [94, 95] . In such a case, one arrives at the limit C φG (m h ) < 8.0 · 10 −4 ,
if one assumes that (3.3) provides a lower absolute limit on theC φG corrections to d n . The sensitivity study [8] of the pp → h + 2 j process finds on the other hand that the high-luminosity LHC (HL-LHC) should be able to set a bound of C φG (m h ) < 9.2 · 10 −4 . (3.9)
A comparison of the limits (3.5) and (3.6) on the CP-violating interactions involving the Higgs boson and gluons shows that at present the sensitivity of nEDM searches is by roughly an order of magnitude weaker than the constraining power of the LHC. This is mainly a result of the conservative treatment of the hadronic uncertainties in (3.2) that led to (3.3). From (3.8) and (3.9) it is however also evident that in the future the sensitivity of nEDM searches can reach the LHC level even if the accuracy of the hadronic matrix elements are not improved. First-principle calculations of the matrix elements of the CEDMs and the dimension-six Weinberg operator are possible using existing LQCD methodology, and considering the efforts by several LQCD groups [96] [97] [98] [99] [100] [101] [102] [103] , it seems possible that estimates with uncertainties similar to the current ones can be obtained within the next five years [104, 105] . It remains to be seen which accuracy such computations can achieve in the next 20 years of LHC running, but we believe that it is very likely that the bound (3.8) can be improved by the end of the HL-LHC run.
From the above discussion one can conclude that future nEDM searches and LHC measurements are complementary to each other even in the specific class of new-physics models where the Yukawa couplings of light quarks are zero. Since such new-physics realisations represent in some sense the worst-case scenario for the low-energy constraints considered here, we believe this to be an interesting finding. Our results show furthermore that in a global SMEFT analysis, EDM constraints can have additional flat or weakly bound directions that do not appear in the case of the class of universal theories considered in [28, 29] . As already emphasised in [29] , to resolve unbounded directions in the multi-dimensional space of Wilson coefficients, high-p T and low-energy constraints on CP-violating couplings between the Higgs and gauge bosons should be combined into global fits. The nEDM results presented in this article can be readily used for such a purpose.
